Abstract. Data for the tropical upper troposphere (8-12 km, 20øN-20øS) collected during NASA's Pacific Exploratory Missions have been used to carry out a detailed examination of the photochemical processes controlling HOx (OH+HO2). Of particular significance is the availability of measurements of nonmethane hydrocarbons, oxygenated hydrocarbons (i.e., acetone, methanol, and ethanol) and peroxides (i.e., H202 and CH3OOH). These observations have provided constraints on model calculations permitting an assessment of the potential impact of these species on the levels of HOx, CH302, CH20, as well as ozone budget parameters. Sensitivity calculations using a time-dependent photochemical box model show that when constrained by measured values of the above oxygenated species, model estimated HOx levels are elevated relative to unconstrained calculations. The impact of constraining these species was found to increase with altitude, reflecting the systematic roll-off in water vapor mixing ratios with altitude. At 11-12 km, overall increases in HOx approached a factor of 2 with somewhat larger increases being found for gross and net photochemical production of ozone. While significant, the impact on HO• due to peroxides appears to be less than previously estimated. In particular, observations of elevated H202 levels may be more influenced by local photochemistry than by convective transport. Issues related to the uncertainty in high-altitude water vapor levels and the possibility of other contributing sources of HOx are discussed. Finally, it is noted that the uncertainties in gas kinetic rate coefficients at the low temperatures of the upper troposphere and as well as OH sensor calibrations should be areas of continued investigation.
0148-0227/99/1999JD900106509.00 manuscript, 1999]. Still a f'mal factor relates to the inherent uncertainties associated with the gas kinetic rate coefficients used in modeling exercises. For the low temperatures involved at upper tropospheric altitudes, many of these coefficients have significantly higher uncertainties. Taken overall, these concerns clearly suggest that the photochemical picture of the upper troposphere is one that is likely to continue to evolve.
In the last few years, many attempts to verify the key features of upper tropospheric fast photochemistry have involved the use of photochemical models constrained by airborne observations. These exercises have been largely limited to model versus observational comparisons for the species NO2, H202, and for ~60% of the high-altitude data provided an opportunity to examine the potential range of uncertainty in water vapor measurements. As noted by Schultz et al. [1999] , agreement between the two sensors was quite good for mixing ratios above 100 ppmv (e.g., +30%). Below 100 ppmv, however, the diode laser was consistently higher than the cryogenic hygrometer by an average difference of 28 ppmv, with over 70% of the data differing by 20-40 ppmv. Given the low water vapor at 11-12 km (see Figure 2) , the diode laser measured water vapor exceeded that reported by the cryogenic hygrometer by factors ranging from 2.5 to 4.7.
Since both of these systems have previously demonstrated the capability for measuring water vapor at tens ofppmv, this work does not attempt to resolve the discrepancy. Instead, data from 
Model Description
Data analysis for this study involved the use of a time dependent photochemical box model similar to that used for previous PEM related work [Davis et al., 1993 H202 is reasonably well predicted, i.e., the median ratio is near unity. Furthermore, there appears to be no significant trend in the ratio with increasing altitude, the exception being the data at 11-12 km. By contrast, values for the CH3OOH ratio exhibit a strong altitude trend, especially above 8 _km. Potential explanations for these trends in H202 and CH3OOH will be explored later in the discussion of results.
Results
The modeling results that follow are presented as a series of cases beginning with the "standard" case of basic photochemistry Table 2 gives the overall median and mean change for each species or parameter (i.e., case F/case A). To accompany the discussion of results, Table 3 Below 11 km, the largest changes in HOx levels are associated with acetone and CH3OOH. NMHCs, methanol, and ethanol appear to exert a minimal influence both on HO 2 and OH. H202 also shows little impact below 11 km; however, the range of values is broadened. Above 11 km, H202 has a greater impact than CH3OOH, and acetone continues to be a strong influence. Since H202 introduces HOx in the form of OH, it also helps explain why increases in OH approach those for HO 2 at this altitude.
CH302 and CH20
CH302 and CH20 represent two important intermediate products in the formation of HOx from the oxidation of NMHCs, acetone, methanol, ethanol, and CH3OOH. Figures 5a and 5b show that shifts in the ratio for these species are significantly larger than those for OH and HO 2. The larger response for these species is expected since the follow-on chemistry for each does not automatically lead to HO 2 formation. This is particularly true for the radical species CH302 when the environment is NOx poor.
Formaldehyde also has alternate degradation pathways that do not produce HO 2 (see Table 3 ).
The largest shifts in the ratio for CH302 and CH20 are associated with acetone and CH3OOH; however, for CH20, methanol and ethanol also make a significant contribution. H202 has relatively little impact on CH302 and CH20, even at 11-12 km. As was observed for OH and HO2, the overall changes for both CH302 and CH20 increase with altitude. Of the two, CH20 is clearly the most sensifive species, making it an ideal candidate in testing for the presence of additional HOx sources.
Ozone Budget
Impacts on the ozone budget are depicted in Figure 6 . Shifts in the ozone budget are coupled directly to changes in HOx levels. Ozone formation, F(O3), which is driven by the reaction of NO with peroxy radicals is strongly dependent upon HO 2 and, to a lesser degree, CH302 and other organic peroxy radicals. This is reflected in Table 2 Earlier discussion of water vapor observations from PTA revealed that measurements have a very high uncertainty below 100 ppmv (e.g., factors of 3-5). This conclusion was based on a comparison of cryogenic hygrometer and diode laser observations. The issue of water levels becomes especially important with respect to calculations at altitudes of 11-12 km where sensitivity calculations showed model constraints to have their greatest impact. Additional calctfiations for the PTA data at 11-12 km were conducted based on diode laser water vapor to examine the impact of this uncertainty.
An initial set of calculations was based on chemistry considering only the diode laser water observations (i.e., case A). Relative to "case A" calculations for the cryogenic hygrometer, OH and HO 2 values were about 30% larger. This represents a small change given that increases in primary production of HOx were factors of 3 to 5. These results further highlight the earlier point that HO x tends to be fairly insensitive to changes in primary production at these altitudes. These calculations also make the strong point that relatively small errors in the measurement of HOx levels can lead to the conclusion that there is a need for a large change in primary production.
Calculations were also carried out based on the diode laser water measurements together with all other model constraints (i.e., case F). Relative to calculations based on the cryogenic 
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hygrometer measurements, OH and HO 2 values increased by only 5% on average. Thus, HOx levels are indicated to be relatively insensitive to the absolute water level in the upper troposphere (11-12 km), reflecting the dominance of secondary production as well as the fact that water is less important as a primary source than acetone.
Peroxides
Understanding the role that peroxides play in upper tropospheric photochemistry is complicated by the fact that these species are derived not only from local photochemistry but also from transport. Thus, observations of these species in the upper troposphere must be viewed as the net result from some combination of both sources. Box models can only assess the levels of peroxides expected from local photochemistry. Thus, any impact due to transport (e.g., deep convection) must be Table 4 show that much of the difference in peroxide levels for these two regimes can be explained by differences in the local chemical environment rather than transport of peroxides from the marine boundary layer. The median values for the ratio of measured-to-calculated H202 for both regimes suggest that the local photochemical environment could easily sustain the observed H202 mixing ratios without invoking transport (see Table 4 ). The higher H202 levels in the low NOx regime appear to be the result of both higher water vapor leading to increased HOx levels and lower NO leading to less HOx cycling, and hence, increased formation of H202. This interpretation of the data would seem to be in better accord with the known high solubility of H202 and would argue against H202 being effectively transported to the upper troposphere by deep convection.
By contrast, Table 4 shows that median values for the ratio of measured-to-calculated CH3OOH are greater than unity for both regimes. This suggests that in the case of CH3OOH there could be a role for convective transport. The low NO• regime is shown to have the higher median ratio (i.e., 2.16 vs 1.57); however, this difference in ratios falls far short of explaining the factor of 5 difference in median levels of CH3OOH which again appear to be largely attributable to differences in local photochemistry.
Although the above cited modeling results point toward the need to critically examine local photochemical trends in the peroxides, it must be noted that model predictions such as those in Table 4 also have shortcomings in that they assume photochemical equilibrium. In reality, it is quite likely that much of the tropical upper troposphere is perturbed with a frequency that precludes reaching a local steady state [Prather and Jacob, 1997] . Thus, evaluating the time evolution of peroxides following a convective event as they move toward photochemical equilibrium values can prove useful. This type of approach has been implemented in studies by Jaegld et al. [1997] and Cohan et al. [ 1999] . Here, simulations are based on median conditions for the PWB low NOx regime for two cases. In the first, CH3OOH and CH20 are assumed to be transported from the marine boundary layer undiluted (e.g., 1 ppbv and 200 pptv, respectively) and H202 is assumed to be totally scavenged. The second case is different in that H202 is assumed to be 75% scavenged (e.g., 250 pptv). Results are shown in Figure 7 . The time evolution of these species is somewhat artificial in that no dilution due to mixing is assumed, but the results still give some indication of how peroxide levels might evolve due to local photochemistry. In both cases, enhancements in CH3OOH above steady state decrease from a factor of 5 to a factor of 2 at the end of 2 days. Atter 3 days, H202 is slightly above or below its steady-state value depend'rag on the case assumed. CH20 behaves much as CH•OOH. HO 2 is initially elevated by 35%. Over the first day, diurnal average HO 2 is elevated by 21% above steady state with the largest enhancement (45%) occurring at sunrise. -By the second day, the diurnal average enhancement rapidly diminishes to less than 15%, although a sunrise enhancement of 32% is still present. OH is initially depressed by 20% with a recovery to within 10% of steady state within the first day. Recalling the sensitivity calculations, peroxides were estimated to have their greatest impact on HO• levels at 11-12 km (---30%). One of the more interesting aspects of these results was finding that at this altitude the largest HO• increase is related to the constraint of H202, not CH3OOH. This was found to be true even though Figure 3 clearly shows that the ratio of measured-tocalculated values for CH3OOH exhibit the largest increase above 8 kin. This is suggestive of fast vertical transport, but it is also possible that this trend may be somewhat overestimated, especially for 11-12 kin, owing to the large percentage of the CH3OOH data at LOD values (i.e., 42%). In this context, the question can be raised whether the enhanced value ofthe ratio for H202 at 11-12 km is, in fact, understood. For example, if the observed H202 enhancement is to be attributed to convection, one could argue that there should be some correspondence with the enhancement in CH3OOH. Looking specifically at the CH3OOH observations at 11-12 km that were at or below LOD, it would seem difficult to argue that these CH3OOH levels were significantly influenced by convection. Yet for this subset of data, the median ratio of measured-to-calculated H202 remains significantly greater than one (i.e., 3.6). This would seem to suggest that the enhancement in the H202 ratio at 11-12 km is not due to convection but rather to other factors such as local photochemistry.
Similar to the PWB low NOx regime, Figure 9 examines the time evolution of convectively perturbed peroxides based on median conditions for all tropical PEM data at 11-12 km. The two perturbation scenarios used here are the same as those used for the PWB low NOx regime model rims. The most significant difference between these two data sets is the water vapor mix'rag ratio. The 11-12 km data has a median value of 15 ppmv; whereas, the PWB low NO• regime has a median of 600 ppmv. Figure 9 , the time evolution profiles based on the 11-12 km data show some significant differences, especially with respect to H202. Both CH3OOH and CH20 decay rapidly over the first 2-3 days, although, CH3OOH is still significantly above its steady-state value even atter 3 days. H202 in this low H20 environment is enhanced above the steady-state value by as much as 2-5 times, depending on the scenario. In agreement with the calculations of Jaegld et al. [1997] and Cohan et al. [1999] , the enhancement in H202 persists longer than that for CH3OOH. Large initial enhancements in HO 2 and OH are also observed in these calculations. These enhancements relax to diurnal average values that are about 20% above final steady state atter 3 days. These calculations demonstrate two important points: (1) in a low water vapor environment, H202 and CH3OOH enhancements due to convection are not simultaneous and (2) enhanced H202 can continue to influence HO• well atter the perturbation in CH3OOH levels has dissipated. While convection of peroxides is inarguably an important consideration in understanding upper tropospheric HOx, it is important to recognize that the close relationship between HOx and H202 possesses a certain level of ambiguity. Elevated H202 will lead to elevated HOx, but the reverse is also true. Is it while at other times they exceeded predictions by factors of 4 ]. In both studies, the possibility that convected peroxides might constitute an important additional source of HOx was proposed. The results from the PEM data suggest that peroxides could have resulted in increases in HOx, but even at 11-12 km the increase is typically no more than 30% and never more than a factor of 2. While the median increase of 30% does approach the mean increase of 1.5 cited for the STRAT data, recall that the additional 20% difference requires nontrivial increases in primary HOx production.
As shown in
In all likelihood, differences between these campaigns are most likely explained by the fact that conditions observed during the PEM missions were simply different from those encountered during STRAT and SUCCESS. In STRAT, for instance, the ER-2 sampled between altitudes of 8 km and the tropopause (15-17 km), while the DC-8 was limited to a ceiling of 12 km during the PEMmissions. It is also noteworthy, however, that discrepancies between measured and calculated HOx during STRAT were greatest for the lower altitudes (i.e, 10-12 km) with higher water vapor (i.e., 30-80 ppmv), while the drier air masses at higher altitudes appeared to be explainable in terms of water vapor and acetone only [McKeen et al., 1997] . STRAT data highlighted by Jaegld et al. [1997] was also predominantly in the 11-12 km altitude range. Regardless of the similarities and differences between these campaigns, it is worthwhile to explore the possibility that other still unidentified impacts on HOx may exist.
One possibility for additional HOx could come from the extension of known NMHC sources to include the presence of more complex, but analogous oxygenated hydrocarbons [S. Liu et al., unpublished manuscript, 1999]. For instance, acetone could be extended to include all ketones. While higher-order ketones are expected to have much less abundance, they also might provide a greater yield of HOx. The same can be said for organic peroxides, alcohols, and aldehydes. Although measuring all of these species is currently impractical, some indication of the importance of these sources could be gained through measurements of CH20. Recall, calculations showed CH20 to be far more sensitive than either HOx or CH302. Thus, measurements of this species in the upper troposphere could prove to be a useful indicator of the integrated impact from NMHC sources.
Another An examination of the uncertainty in high-altitude water vapor revealed that calculations were fairly insensitive to large changes in water vapor (e.g., factors of 3-5) when absolute water vapor was below 100 ppmv. For fully constrained calculations (case F), the above cited differences in water vapor resulted in only a 5% change in HOx levels. This result suggests that measurements of acetone and peroxides should be regarded as more critical than the accuracy of water vapor when the latter has mixing ratios below 100 ppmv. This lack of sensitivity to water below 100 ppmv is due both to the fact that water is no longer the dominant primary HOx source and that secondary HOx formation exceeds primary formation.
Peroxide observations were evaluated for evidence of convective impacts. For high water vapor environments such as the PWB 10WNOx regime, calculations indicate that convectively perturbed peroxides rapidly return to expected steady-state values. The peroxide observations also support the contention that H202 is depleted relative to predicted steady-state values while CH3OOH is elevated. In contrast, calculations based on the low water vapor environment at 11-12 km show that perturbations to CH3OOH can lead to elevated H202 levels which can remain above the expected steady-state level for several days after CH3OOH has dissipated. This potentially serves to explain why H202 can have values elevated above steady state by factors of 3 even when CH3OOH is measured at or below its LOD.
The possibility that additional HOx sources might be present in the upper troposphere was also explored. One suggestion hypothesized a potentially large integrated source of HOx from the degradation of all organic peroxides/ketones/alcohols/aldehydes/etc. A second possibility relating to the reaction of O2(bl•]g) with H 2 appears to be unimportant based on a recent laboratory study. Still other areas requiring continued investigation include further studies of temperature dependencies for gas kinetic rate coefficients at the low temperatures of the upper troposphere and timher calibration exercises involving OH sensors. Both of these areas must be acknowledged as potential contributors to future disagreements between model calculations and observations. Finally, it is recognized that as additional HOx measurements are made in the upper troposphere, concurrent measurements of acetone and peroxides will be critical to establishing whether they alone are sufficient to explain the HOx observations. In this context, measurements of CH20 would also be of great value as a further indicator for sources of HOx from a wide range of oxygenated hydrocarbon species.
